Recent experiments demonstrate that localized spontaneous Ca 2+ release events can be detected in the dendrites of pyramidal cells in the hippocampus and other neurons (J. Neurosci. 29:7833-7845, 2009). These events have some properties that resemble ryanodine receptor mediated "sparks" in myocytes, and some that resemble IP 3 receptor mediated "puffs" in oocytes. They can be detected in the dendrites of rats of all tested ages between P3 and P80 (with sparser sampling in older rats), suggesting that they serve a general signaling function and are not just important in development. However, in younger rats the amplitudes of the events are larger than the amplitudes in older animals and almost as large as the amplitudes of Ca 2+ signals from backpropagating action potentials (bAPs). The rise time of the event signal is fast at all ages and is comparable to the rise time of the bAP fluorescence signal at the same dendritic location. The decay time is slower in younger animals, primarily because of weaker Ca 2+ extrusion mechanisms at that age. Diffusion away from a brief localized source is the major determinant of decay at all ages. A simple computational model closely simulates these events with extrusion rate the only age dependent variable.
Summary
Recent experiments demonstrate that localized spontaneous Ca 2+ release events can be detected in the dendrites of pyramidal cells in the hippocampus and other neurons (J.
Neurosci. 29:7833-7845, 2009 ). These events have some properties that resemble ryanodine receptor mediated "sparks" in myocytes, and some that resemble IP 3 receptor mediated "puffs" in oocytes. They can be detected in the dendrites of rats of all tested ages between P3 and P80 (with sparser sampling in older rats), suggesting that they serve a general signaling function and are not just important in development. However, in younger rats the amplitudes of the events are larger than the amplitudes in older animals and almost as large as the amplitudes of Ca 2+ signals from backpropagating action potentials (bAPs). The rise time of the event signal is fast at all ages and is comparable to the rise time of the bAP fluorescence signal at the same dendritic location. The decay time is slower in younger animals, primarily because of weaker Ca 2+ extrusion mechanisms at that age. Diffusion away from a brief localized source is the major determinant of decay at all ages. A simple computational model closely simulates these events with extrusion rate the only age dependent variable.
Introduction
Calcium concentration ([Ca 2+ ] i ) changes regulate physiological processes in all cells. In neurons, with the complex arborization and specializations in both dendrites and axons, it is clear that the location of these changes is critical. Ca 2+ entry through voltage gated Ca 2+ channels (VGCCs) in the presynaptic terminals and boutons regulates transmitter release. Ca 2+ entry through postsynaptic ligand-gated receptors, especially NMDA receptors, regulates the induction of some forms of synaptic plasticity and other physiological processes. Widespread Ca 2+ entry following backpropagating action potentials (bAPs) also contributes to some forms of plasticity. The role of Ca 2+ release from internal stores in neurons has been less understood, with little data on the underlying mechanisms, spatial distribution, or functions of these changes under physiological conditions.
One form of Ca 2+ release in pyramidal neurons results from synaptic activation of metabotropic glutamate receptors (mGluRs). This release occurs either as large amplitude
propagating waves [1] [2] [3] or as smaller Ca 2+ entry near spines [4] . Localized Ca 2+ release, mediated either by inositol 1,4,5-trisphosphate (IP 3 ) receptors ("puffs") or by ryanodine (RyR) receptors ("sparks") have been described in a variety of preparations including neurons [5] [6] [7] [8] . Two forms of localized Ca 2+ release have been detected in dendrites. In slice cultures, localized Ca 2+ release, associated with GABAergic synapses, has been shown to modulate the extension of dendritic processes and may contribute to other aspects of neuronal development [9] . In acute slices recent experiments indicate that faster Ca 2+ release events occur spontaneously in dendrites [10] , presynaptic terminals [11, 12] , and cell bodies [11] . Spontaneous Ca 2+ release events in dendrites occur primarily near branch points and their frequency can be modulated by changes in membrane potential and weak mGluR mediated synaptic trains [10] . The specific functions of these Ca 2+ release events are not clear.
To help understand the significance of the Ca 2+ release events in dendrites we examined their properties in CA1 pyramidal neurons from animals of different ages.
Most properties were similar but two parameters changed with age. The amplitudes were larger and the decay times were slower in younger animals. The increase in decay time with age was primarily due to the stronger combined effect of plasma membrane, Na/Ca exchange, and SERCA pumps in older animals. The small changes in intrinsic properties with age suggest that these Ca 2+ release events may have a general signaling role in neurons and are not just important during development.
Methods

Whole-cell recording and stimulation
Transverse hippocampal slices (300 µm thick) from Sprague-Dawley rats of different ages (P3-P80) were prepared as previously described [1, 12] . Animals were anaesthetized with isoflurane and decapitated using procedures approved by the ] i measurements from different regions of the pyramidal neuron were made as previously described [10, 14] . We used two cameras for our measurements. In earlier experiments we used a high spatial resolution (512x512), Increases in different parts of the cell are displayed using either selected regions of interest (ROIs) or a pseudo 'line scan' display [15] .
Measurement errors
Since the Ca 2+ release events were highly localized and fast there were several potential sources of measurement error that needed to be considered. Choosing a larger ROI resulted in smaller measured peak amplitudes (Fig. S1A ).
Choosing ROIs with horizontal or vertical binning (Figs. S1B, C) affected the amplitude but not as much as square binning. Since horizontal binning affects the amplitude of bAP transients and Ca 2+ release events in a similar manner (both require the same autofluorescence correction) we found that the ratio of the measured Ca 2+ release event amplitude to the measured bAP signal amplitude was relatively insensitive to changes in horizontal binning (Fig. S1D ), making this ratio less subject to error. Similarly, we found that binning affected the measured decay times of the event transients (Fig. S2 ). The best choice was to use horizontal binning ( of the point and its nearest two neighbors on each side.
Since the S/N of many Ca 2+ release event signals was not high and the traces were noisy it was not clear if these filters affected event parameters. To examine this issue we applied the filters to averaged Ca 2+ release events, which had higher S/N. This test (Fig.   S2D ) showed that these temporal filters had a small effect on the Ca 2+ release event rise times but almost no effect on the decay times or peak amplitudes. Therefore, to measure rise times we used unfiltered data and occasionally used averaging to improve the S/N of the events when measuring decay times or amplitudes.
Even though we were careful in trying to minimize these sources of measurement error there was significant scatter in the data as shown in the figures. Most of this scatter probably results from biological variation since the patterns looked similar when we reanalyzed the data using ROIs composed of vertical pixel rectangles instead of horizontal rectangles. There still may be some uncorrected errors in the measured parameters for individual events, contributing to scattered results. However, the overall patterns are insensitive to these errors and the general trends are clear. Similar distributions were found with the Quantix and NeuroCCD-SMQ cameras. [16] , based on previous theoretical considerations [17, 18] . Pyramidal neurons were patched with electrodes containing 10-100 µM (most often 50 µM) OGB-1. Starting soon after rupturing the cell membrane the time course and amplitude of single spike evoked Ca 2+ transients were measured at regular intervals at a dendritic location within 50 µm of the soma. Resting fluorescence and background fluorescence from a nearby location were also determined.
Determination of endogenous
The single wavelength formula for determining [Ca 2+ ] is [16] :
where: K D is the OGB-1 dissociation constant; f = the fluorescence of OGB-1; f max is the maximum possible f; R f is the ratio of the maximum to minimum OGB-1 fluorescence (f max /f min ), determined in solutions of saturating Ca 2+ and zero Ca 2+ . This formula can be rearranged in terms of more easily measurable parameters: (8.5) . K D only appears as a scaling factor in these equations.
The endogenous (κ B ) and added (κ F ) buffering capacity were determined from: ] i at the peak of the stimulus. Further details are presented in the Results section.
Simulation of localized Ca 2+ release events
We used the NEURON modeling environment [19] to simulate Ca 2+ release events at different ages. The one dimensional model was an extension of a model previously used to simulate one averaged event [10] . Details are given in the Results section.
Statistical calculation of errors is SEM.
Results
Observation of Ca 2+ release events in neurons of different ages
In a typical experiment we recorded changes in [Ca 2+ ] i along a dendritic segment within 100 µm from the soma for a period of 5-20s (Fig. 1A) . At a time early in this period an action potential was evoked with a 1 ms intrasomatic pulse, which generated simultaneous [Ca 2+ ] i transients at all locations along the segment. During the remaining time we observed spontaneous localized Ca 2+ release events at several locations in this dendritic segment. There were no clear membrane potential changes at the times of these events [10] . We detected Ca 2+ release events in animals of all tested ages (P3-P80). Some properties of these events differed in cells taken from animals of different ages. For example, in a representative trial from a P8 pyramidal neuron the amplitude of the Ca 2+ release events was almost as large as the Ca 2+ transient from the bAP at the same dendritic location (Fig. 1A) , while in the sample from a P28 neuron the Ca 2+ release events were much smaller than the bAP signal ( However, a simple analysis of event frequency in cells that showed Ca 2+ release events ( Fig. 1E ) suggests that there are no strong changes in frequency as a function of age.
Buffering effect of the Ca 2+ indicator
It is well known [20, 21] Table 1 ). Therefore, indicator buffering was not responsible for the difference in decay times between younger and older animals. We did most of our experiments using 50 µM OGB-1, even though there was some buffering, since the signal-to-noise ratio (S/N) using lower concentrations was inadequate to reliably detect single Ca 2+ release events. In a few experiments (data not shown) we used 200 µM of the low affinity indicator OGB-5N. Although this indicator, even at this high concentration, has less buffering effect than 50 µM OGB-1, the S/N of the Ca 2+ release events was too low to reliably detect them, so we abandoned this protocol.
Ca 2+ release event parameters
To more quantitatively assess these differences we measured several parameters related to bAPs and Ca 2+ release events in pyramidal cell dendrites of animals of different ages (P3-P40). We did one set of experiments on a P80 rat (two cells) and detected events similar to the events in the P40 animal. We measured the peak voltage amplitude and width (FDHM) of APs evoked with 1 ms intrasomatic pulses. We measured the signal amplitude (ΔF/F), rise time (10-90%), and decay time of the bAP generated [Ca 2+ ] i changes at the same location as the Ca 2+ release events. The location was chosen as the site of peak event amplitude using a horizontal ROI of 1x3 pixels (1.2x3.6 µm 2 ). For event amplitude and time course measurements we used the same ROI centered at this location. For the rise times and decay times of bAP signals we used a longer vertical ROI to improve the S/N since the bAP signals did not change significantly over a stretch of the dendrites (see Fig. 5B ). The resting fluorescence intensity was corrected for background autofluorescence by subtracting the fluorescence intensity measured from a nearby location in the slice that did not contain OGB-1 filled processes.
Ca 2+ release event amplitudes
Ca 2+ release event amplitudes (ΔF/F) ranged from about 0.05-0.55 (Fig. 3A) . Spike amplitude and width were similar at both ages (amplitude: P3-P15; 94.5 ± 2.2 mV, n=57 versus P16-P40; 97.9 ± 2.7mV, n=28, p<0.36; width: P3-P15; 1.59 ± 0.08 ms, n=42 versus P16-P40; 1.51 ± 0.11 ms, n=18, p<0.59 ; Figs. 4A, B, Table 1 ; see also [23, 24] . There was no change in resting membrane potential with age ( Fig. 4C , Table 1 ).
Ca 2+ release event rise times
The rise time of the events was measured at the center of the events where the rise was fastest. In the cell shown in Fig. 5A the event rise time (measured in the small ROI in Fig. 5B ) was comparable to or slightly slower than the rise time of the bAP signals in the dendrites (measured in the large boxes in Fig. 5B ). The rising phase of the events was noisier than the rising phase of the bAP signals because the event ROI was selected to be as small as possible while the bAP ROI could be chosen over an extended length of dendrite since the backpropagation time was less than a frame interval (2 ms) for this length of dendrite (Fig. 5B) . The summary data (Fig. 5C) show that the event rise times (10-90%) were 5-18 ms at all ages, but slightly slower in younger animals (12.0 ± 0.5 ms below 15 days, n=38 and 9.3 ± 0.4 ms older than 15 days, n=20; p<0.001). These times were also slower than the rise times of the bAP signals in the same cells (11.1 ± 0.4 ms, n=58 for events and 8.7 ± 0.4 ms, n=58 for bAPs, averaged over all ages; p<0.0001).
Some of the Ca 2+ release event rise time may result from the fact that the ROI used to measure this time was larger than the source of the event and therefore included a component due to Ca 2+ or indicator diffusion. The rise time at the initiation site may be faster. There was no correlation between the rise times of bAP signals and event signals
in the same cells (not shown), which rules out differences in indicator concentration in the cells as an explanation for the variation in rise times. Tests using square pulses from a light emitting diode (LED) showed that 2-4 ms of these measured rise times were due to the frame interval (2 ms) and the random alignment of the start of the fluorescence change and the start of a sampling period.
Ca 2+ release event decay times
Similarly, we measured the decay times for the events and bAPs at the same locations [10] . 99.4 ± 4.0 ms, n=57; versus P16-40; 66.5 ± 3.7 ms, n=30; p<0.0001). We could not make this comparison at minimum indicator concentrations because the S/N was too low for quantitative measurements.
Since there was a lot of scatter in these measured decay times we tried to reduce the variation due to indicator buffering and the properties of different cells at the same age. In Fig. 6B the decays times of the events and bAP evoked transients are plotted in rank order of the bAP transients from the longest (~350 ms) to the shortest (~70 ms). This rank order approximately corresponds to the age dependence of the bAP transients. Each event transient was paired with a bAP transient measured at the same dendritic location in the same trial (as in Fig. 1) . By plotting the events in this way it is clear that there was a correspondence between the bAP decay times and the event decay times, but there was a smaller range in the event decay times. When we measured the ratio of the decay times we found that event decay times were relatively faster than spike decay times in younger animals (P3-15; 0.53±0.02, n=57; versus P16-40; 0.62±0.03, n=30; p<0.017; table 1).
Other factors affecting Ca 2+ release event and spike decay times
In addition to changes in the extrusion rate another factor that could affect the variation in event and spike decay times with age is the endogenous buffer capacity of the cytoplasm. This capacity previously was measured in pyramidal neurons from 14-17 and 24-28 day old animals, where no difference was observed [16] , but the buffer capacity is not known for younger animals where we found differences in event parameters. To supply this information we determined the buffering power in younger and older animals by following the protocol of Maravall et al. [16] (see Methods).
We measured the spike evoked Ca 2+ transients at a site in the proximal apical dendrites soon after breaking into the neuron and at 1-2 min intervals for 30 min. The fluorescence at this ROI was corrected for autofluorescence of the slice by subtracting the fluorescence from a nearby location [18] . We tested the accuracy of this correction by requiring that the fluorescence vs. time curves point toward the origin (Figs. 2A, B) . We also required that the corrected ΔF/F values monotonically decrease with time as the indicator concentration increased. These criteria are very sensitive, especially at early times when there is little indicator in the cell. At ~10 min intervals during this protocol we assayed the maximum ΔF/F value by evoking a train of 40 spikes at 63 Hz. This value was multiplied by a factor of 1.18 to correct for failure to reach complete indicator saturation [16] . The maximum ΔF/F value is expected to remain constant during indicator loading even though the ΔF/F per spike is decreasing [16] . If this value began to deviate from constancy at later times we interpreted it as a sign that the cell was becoming unhealthy and we terminated the experiment. (2) and (3) to allow a linear fit to the data points [18] . We found that the buffering power was lower in younger animals (κ B =40 ± 11; N=6) than in older animals (κ B = 89 ± 28; N=6), but the difference was not statistically significant. The values for the older animals were similar to those determined by Maravall et al. [16] in P14-P28 animals. If we include the data from Maravall et al. [16] then the difference is significant. If the buffering power were smaller or the same in younger animals, as might be hypothesized for developing neurons, then if buffering were the determining factor then the bAP transient decay times would be faster in younger neurons since buffers slow Ca 2+ transients [25] . This prediction is opposite to our observations.
There are other potential explanations for Ca 2+ release event amplitude and time course differences between young and old animals. One possibility is that the events do not result from the same mechanism. In our previous paper [10] we showed that the frequency of events from P14-P21 animals was voltage sensitive and was insensitive to TTX and to several ionotropic receptor antagonists (CNQX, APV, picrotoxin). In new experiments (not shown) we tested events in animals from P3-P10 and found the same voltage sensitivity and lack of sensitivity to the blockers (event frequency was 290 ± 30% of control frequency when voltage increased from -63mV to -55mV (n=5) and 30 ± 10% of control frequency when voltage decreased from -63mV to -75mV (n=6); event frequency was 120 ± 20% of control frequency in the presence of 1µM TTX, 100µM
APV, 10µM CNQX, and 100µM picrotoxin (n=8)) . These results suggest that the event mechanisms in animals of different ages are the same. However, it is possible that there are more subtle differences that were not revealed in this test.
Computational model
Previously [10] , we found that we could simulate the time course and spatial distribution of a Ca 2+ release event in the dendrite in a simple model by assuming only localized Ca 2+ release for a brief period and removal by diffusion and a spatially homogeneous extrusion mechanism. This mechanism represented the combined effects of a plasma membrane pump, Na/Ca exchange, and a SERCA pump, since our measurements did not distinguish among these three removal mechanisms. The new measurements in this paper provide an opportunity to further extend and refine these conclusions. In particular, we wanted to see if the model could explain the correlation between the event decay times and the bAP decay times (Fig. 6B) . The new useful data are the variation of the decay times of both bAP signals and localized events with age, and the observation that the rise times of the event signals are comparable (or slightly longer) than the rise times of bAP Ca 2+ transients at the same locations.
We extended the previously developed model [10] ] i change on the decay phase by 5-11 ms. This is a small correction to the measured decay times and was neglected.
The model assumes that Ca 2+ is released over a dendritic segment of variable length for a period of 5-15 ms. This temporal range is consistent with the range of observed fluorescence rise times but is probably longer than the underlying conductance change (see Discussion). Changes in this parameter had little effect on the modeled event profile since this time was much shorter than the event decay time. The release spatial profile (1-5 µm) was assumed to be either uniform over this length or greater in the center (Fig. 7B ). This variation in spatial extent was an important parameter affecting the shape and time course of the simulated events. Ca 2+ diffusion was assumed to be one dimensional since radial equilibrium is fast compared to the decay time in a dendrite ~1 µm diameter [30] . We varied the diffusion constant (more precisely the diffusion constant for the Ca 2+ :OGB-1 complex) between 0.02-0.04 µm 2 /ms, which also affected the decay time. This range of values is based on a measured Ca 2+ diffusion constant of 0.03 µm 2 /ms in squid axoplasm [32] . Since there are no data on the variation of the diffusion constant during development we assumed it was constant, which is consistent with the approximate constancy of the endogenous buffer capacity ( Figs. 7C and D show the predicted decay times at the release center (red bars) and 1 µm away (green bars) for models where the release geometry, diffusion constant, and release duration were varied over the ranges indicated above. We show results for these two locations since the large pixel size in our measurements (1.2 µm) and light scattering in the slice indicate that our measured traces were from dendritic lengths larger than the 1 µm segments in the model. We made models with two values of the membrane pump to generate bAP decay times of 75 ms and 350 ms to correspond with the measured decay times for young and old animals. There is a separate bar for each release geometry and the length of the bar encompasses the range of simulated decay times when the diffusion constant and release duration were varied. As noted above, release duration had almost no effect since it was much shorter than the decay times of the event transients. These predicted event decay times are compared with the range of measured decay times from neurons in young and old animals (gray bars in Figs. 7C and 7D ).
The figure shows that the data are consistent with most models where the extent of Ca 2+ release (as assayed by OGB-1 fluorescence) is at least 3 µm (see Discussion). If Ca 2+ release extends only 1 µm then the predicted decay time is too fast for events in animals of all ages. This size is consistent with dimensions determined from fluorescence images (Figs. 1C,D) . The models suggest that the same set of parameters can be used to model events in young or old animals; it was only necessary to change the extrusion rate according to the requirement to fit the bAP signals at these two ages. In younger animals, where diffusion is the dominant removal mechanism, the modeled decay time was insensitive to small changes in the extrusion rate. In fact, in a model with no extrusion the decay time was only slightly longer (~ 10 ms) than the decay time in P3 animals where extrusion was just developing.
Discussion
Ca 2+ release events in neurons of different ages
One important result from these experiments is that Ca 2+ release events occur in pyramidal neurons in animals of all ages (P3-P80). There was no clear change in frequency with age (Fig. 1E) , although it was hard to be precise in these measurements.
The observation that events can be detected in P80 animals suggests that they serve functions beyond the early developmental period.
The amplitude of the events in the first two weeks (P3-P15) was clearly larger The rise time of events was slightly (but significantly) faster in older animals. The reason for this difference is not known. One possibility is that some of the molecular complexes responsible for controlling Ca 2+ release mature during development. The event decay time was clearly faster in older animals. This difference is probably due to the increase in pump expression in older animals [33] . Since this pump affects the decay time of bAP signals as well as event signals it does not reflect a difference in event properties. The main difference between Ca 2+ release events in animals from different ages is the peak amplitudes of the measured Ca 2+ transients.
Comparison with sparks in cardiac myoctes and frog skeletal muscle
Ca 2+ sparks were first detected in cardiac myocytes [34] . The localized Ca 2+ release events in dendrites are similar to those sparks [10] . One difference is that the frequency of dendritic Ca 2+ events is sensitive to mGluR activation and IP 3 mobilization [10] , while sparks in myocytes are much less sensitive since there are fewer IP 3 receptors in myocytes [5] . Sparks in skeletal muscle fibers, which were discovered later [35] also are insensitive to mGluR agonists.
A second difference between cardiac and muscle sparks and the dendritic Ca 2+ release events is the decay time for the Ca 2+ transients. For dendritic events the diffusional decay time is over 100 ms, using the data from P3 animals where the pump makes the least contribution (Fig. 6) . In cardiac myocytes the decay time is much faster (about 15 ms, increasing to 20 ms if the pump is blocked [36] ). In contrast, the decay time for a global Ca 2+ transient in myocytes (130-150 ms [36, 37] ) is comparable to the decay time of the bAP evoked transient in pyramidal neurons, suggesting that the combined extrusion rate is similar in the two preparations. In frog skeletal muscle fibers the decay time for sparks is 4.4-5.9 ms [38, 39] , but the spike evoked transient decays in about 10 ms [40] , much faster than in myocytes or dendrites, suggesting that pumps are the dominant removal mechanism in skeletal muscle fibers. One contributor to the slower decay time in dendrites is that these processes are essentially one dimensional, while diffusion is three dimensional in myocytes. But geometry cannot account for all the difference. In our model a sensitive determinant of decay time is the spatial extent of Ca 2+ release; larger release clusters predicted slower decay times. This result suggests that the release clusters in dendrites are larger than in myocytes and muscles if the only factors determining cluster size are the parameters we included in our model. As noted above the predicted size from the model (3-5 µm) is consistent with dimensions determined from fluorescence images (Figs. 1C,D) ; the measured size in myocytes is smaller [36] . These considerations only apply to dimensions estimated from the fluorescence signals. Since the indicator shuttles the Ca 2+ ions the true dimensions of the events in both preparations are likely to be smaller [41] .
There are other important differences between dendrites and muscle. One factor is that there are different endogenous Ca 2+ buffers in muscle fibers [26] [25, 44] .
A second difference is that our simple model assumes that the extrusion mechanisms are distributed uniformly over the surface of the dendrite or over the surface of the ER within the dendrite. This seems reasonable since the decay time for bAP evoked transients is the same all along the dendrite and the main function of these mechanisms is probably to remove Ca 2+ that enters through voltage gated channels. In muscle fibers the pumps are concentrated close to the release sites [45] . The significance of this difference is not clear since even in myocytes the decay time course of spark transients is dominated by diffusion [36] . Unfortunately, while there are detailed studies of the Ca 2+ release complex in myocytes and muscle [46, 47] there is little known about the detailed ultrastructural organization of the release channels and associated molecules in dendrites [48] .
Ca 2+ release event rise times
The measured event fluorescence rise times varied between 5-18 ms (11.1 ± 0.4 ms, averaging over all ages; Fig. 5 ) of which 2-4 ms are probably due to measurements issues (see Results). These times are comparable to the rise time of sparks in cardiac myocytes [34] but slower than spark rise times in frog muscle fibers (2.7-4.7 ms [38, 39] ).
The times are close to an upper limit on the duration of Ca 2+ current flowing through ER channels during the release events since removal appears to be much slower. However, it is likely that the mean channel open duration is shorter than the measured fluorescence rise time. One factor is that equilibrium between released or entering Ca 2+ and OGB-1 takes several ms. The on-rate for the reaction is 0.45-0.93 µM -1 ms -1 [30, 31] , suggesting that the rise time will not be instantaneous for a step increase in [Ca 2+ ] i when low concentrations of indicator are used. Indeed, experiments using 100 µM OGB-1 [30] measured a spike evoked fluorescence rise time of 4.7 ± 0.3 ms, while we measured 8.7
± 0.3 ms using 50 µM OGB-1. On the other hand, Fig. 5C shows that the event rise times were almost as fast as the bAP rise time at all ages, suggesting that the duration of current flow through the ER membrane during an event is similar to the duration of bAP generated Ca 2+ current. The duration of spike evoked Ca 2+ current can be as short as 1 ms in neurons that have similar action potentials, e.g. the presynaptic terminal of the squid giant synapse [49] or the presynaptic terminal of the calyx of Held [50] , and have been inferred to be slightly longer in voltage clamped pyramidal neurons [51] , all of which are much faster than our measured rise times. However, the Ca 2+ :indicator reaction time may mask a difference between these Ca 2+ current durations and the Ca 2+ release event durations in our experiments, allowing for the possibility of slower event rise times. Table 1 . Resting membrane potential (uncorrected for junction potential) for the same set of neurons. There was no significant variation with age. See Table 1 for quantitative summary. 
